Abstract. Image potential states (IPSs) are electronic states localized in front of a surface in a potential well, formed by the surface projected bulk band gap on one side and the image potential barrier on the other. In the limit of a twodimensional solid, a double Rydberg series of IPSs has been predicted, which 9 Authors to whom any correspondence should be addressed. 
Introduction
Free standing graphene (FSG) exhibits a large number of novel properties arising primarily from its two-dimensionality [1] - [3] , many of which are preserved in epitaxial graphene [4]- [6] . A remarkable consequence of the two-dimensional (2D) character is the occurrence of two series of image-potential states (IPSs) at the Brillouin zone center as predicted recently by some of us from ab-initio band structure calculations in FSG [7] , which is in contrast to surfaces of three-dimensional (3D) solids where only one series of such states exists [8] - [10] . The wave functions of these states for the two series have opposite parity with respect to the reflection at the graphene plane. The state with a symmetric wave function, n + , is lower in energy compared with the state with anti-symmetric wave function, n − , for each order, n. Owing to its large spatial expansion into the vacuum, these states provide a very sensitive tool for the determination of the environment around the carbon sheet. On bilayers (BL) of FSG, the same calculations show the two series of IPSs, but the energy difference between them is smaller than between the corresponding states of the dual series in the monolayer (ML). Therefore, it is expected that the two series of IPSs in FSG merge into a single series with increasing number of carbon layers when one goes from 2D graphene to 3D graphite.
Epitaxial graphene grown on SiC with a varying number of carbon layers provides a unique system to measure the evolution of IPSs with increasing layer thickness [4, 6] . In addition, it opens the possibility to explore the effect of an underlying substrate on the two series of IPSs in FSG. The measurement of IPSs on epitaxial graphene provides a way to determine the electronic coupling between the graphene sheet and the SiC substrate underneath. Scanning tunneling spectroscopy (STS) in the resonant tunneling mode is a useful tool to probe electronic states extending into vacuum close to the Brillouin zone center [11, 12] . In this method, electrons emitted from the tip interact with surfaces and interfaces at high voltages (>2 V), giving rise to resonances that correspond to the Stark shifted IPSs.
In this paper, we show, through a measurement of Stark shifted IPSs by STS and band structure calculations using density functional theory on epitaxial graphene, that the lowest symmetric and anti-symmetric states (1 + and 1 − ), of the two Rydberg series of IPSs (n + and n − ) predicted for FSG, indeed persist when graphene is grown on SiC, thereby indicating only a partial coupling to the underlying substrate. The states with higher quantum numbers (n > 1) convert into the IPSs of the entire system (graphene + substrate), very similar to the formation of 'tubular IPSs' in carbon nanotubes [13] and 'super atom' molecular orbitals in fullerenes [14] . Interestingly, with increasing number of carbon layers, the two series evolve into a single series of IPSs for graphite. In addition, the lowest symmetric state of the two series in graphene evolves into the interlayer band in graphite.
Methods

Experimental methods
The image potential states (IPSs) have been measured using a home-built scanning tunneling microscope under ultrahigh vacuum (UHV) conditions. The highly oriented pyrolitic graphite (HOPG) crystal used was cleaved in situ under UHV conditions (1 × 10 −10 mbar). The epitaxial graphene used for the experiments was grown by thermal desorption of silicon on a 6H-SiC(0001) substrate [6, 15] . The samples were imaged at 4.2 K in constant current mode in the scanning tunneling microscope (STM). The ML and BL terraces were identified using the different contribution of the interface states in the two, following the method used previously [15] . Scanning tunneling spectroscopic (STS) measurements of the IPSs were performed with constant current in a closed feedback loop where the distance-voltage (z(V )) characteristics and the dI /dV signal were simultaneously recorded [9, 10, 12] . All spectroscopic measurements have been measured with the modulation technique using a lock-in amplifier, where the voltage modulation to the sample bias voltage was 20 mV at a frequency of 1 kHz. The lock-in signal (dI /dV ) shows peaks corresponding to the Stark shifted IPSs.
Theoretical calculations
Self-consistent density functional calculations of the electronic structure of the isolated ML and BL graphene sheets were performed using the plane-wave basis set with a cut-off of 50 Ryd and a 36 × 36 k grid for the density within a local density approximation (LDA) with exchangecorrelation potential of [16] . Note that the two lowest-energy unoccupied states resembling the 1 + and 1 − IPSs appear in the LDA calculations below the vacuum level due to the unusually deep potential well in the vicinity of carbon sheets [7] . Because, in this paper, we are primarily interested in the energy positions of the two lowest IPSs in the vicinity of carbon sheets in the presence of a substrate and an applied external electric field, the use of LDA potentials works reasonably well. The electron-ion interaction was described by a norm-conserving pseudopotential [17] . An external electric field was incorporated into the calculations via removing the corresponding amount of electric charge from the ML or BL carbon sheets into the vacuum. images with the atomic contrast on the three surfaces are shown in figure 1(a) ). For epitaxial graphene, the IPSs were measured on the ML and BL (figure 1(a)) under identical conditions, with the same 'microscopic tip'. For graphite, the measurement was carried out several times with the same current of 0.2 nA and the same initial set point voltage of 2.0 V. There are two distinct features of the measured IPSs on the three surfaces: (i) a strong peak appears at ∼4 V and shifts to higher voltages with increasing number of carbon layers, (ii) a distinct 'hump' is observed in ML graphene at a bias voltage of ∼3.3 V, which is also faintly visible at the same voltage in the case of BL graphene. We would like to point out that resonant states for bias case the LDA potential was modified for positive distances beyond 3 au according to [7] in order to reproduce the image-potential tail.
Results and discussions
ML BL
voltages >5 V extend deeper into the vacuum with a higher probability of the electron density close to the tip [11, 18] . Since they are strongly influenced by the electric field of the STM tip, the spectroscopic information obtained from these states should be treated with caution [10, 12] . Further, we note that the two states appear at a much lower energy than expected for quantum well states (QWSs) in few layer graphene systems [19] and show a different energy versus thickness dependence than expected for QWS. However, among the higher lying resonances there might be contributions from the QWS; therefore we will focus on states with energetic position <5 eV.
To understand the origin of the states in ML and BL epitaxial graphene, self-consistent calculations of the band structure were performed. The calculations were performed in several steps. In the first step, LDA calculations including the image-potential tail were done for FSG in the absence of an external electric field (the details of the calculations are given in [7] ). These predicted the occurrence of the two series of IPSs in FSG. It is worth noting that Posternak et al [20] had also shown from their LDA calculations on ML and BL graphene the presence of two unoccupied states at the Brillouin zone center. They further showed that the bonding combination of two symmetric states of each ML gave rise to the symmetric state in BL, while their anti-bonding combination gave rise to the anti-symmetric state. Consequently, the anti-symmetric state with increasing number of carbon layers was claimed to evolve into the surface state of graphite [21] , but later it was interpreted experimentally from multiphoton photoemission spectroscopy to evolve into the lowest IPS [22] . However, the two complete series of IPSs prevalent at each order could be obtained only from a band structure calculation using the image potential tail along with LDA in the vicinity of the graphene sheet.
As a next step, the influence of an external electric field (E ext ) on the IPSs of both ML and BL FSG was calculated. The external electric field was applied on one side in order to simulate the STM experiments where the tip voltage appears from one side (potential diagram in figure 2 ). The corresponding local parts of self-consistent potentials averaged in plane for Interestingly, the calculations on graphene simulating the STM tip and the underlying substrate (as described above) show that the wave functions of only the first two IPSs (between 2.5 and 5 eV) in both ML and BL have opposite symmetry, indicating the presence of only the lowest-energy (1 + and 1 − ) states of the dual series. The state that is lower in energy of the paired states is symmetric (1 + state) and the one higher in energy is anti-symmetric (1 − state) (shown in figures 3(a) and (b)) similar to FSG (for comparison, the partial densities in FSG of the 1 + and 1 − states are shown in figures 3(a) and (b) by dashed lines). However, for graphene (including a substrate potential), in contrast to FSG, the higher n levels (n > 1, E n > 5.0 eV) do not show any splitting and appear as resonant states (as seen from the calculations). The reason for this is that for higher n states, there is no space between the graphene and the substrate for the wave functions to be localized and therefore only the conventional image state series occurs with the main charge density being localized above the graphene sheet in the vacuum side. The resonance character of these states is explained by closure of the energy gap of the substrate at the corresponding energies [23, 24] . If we plot the difference in the densities of the respective split states in ML and BL in the vacuum side ( figure 3(c) ) for E ext = 0.1 VÅ −1 , we observe that both the 1 + and 1 − states are expanded in vacuum more in the case of the ML compared with the BL. This implies that the electric field will perturb the ML more and will result in a higher Stark shift of the IPSs compared with the BL.
To check whether the two predicted series of IPSs are observed in our experimental spectra of the Stark shifted IPS measured on ML and BL epitaxial graphene, we fitted the observed peaks between 2.5 and 5 V (after subtracting the background) with a sum of two Gaussian functions. We obtained a very good fit in the case of the ML ( figure 4(a) ), ascertaining the presence of two distinct peaks in the energy range (2.5-5 V) where the lowest states of the two series (1 + and 1 − ) are expected. We attribute the 'hump' obtained at ∼3.3 V of the ML to the 1 + state and the strong peak at ∼4 V to the 1 − state. To investigate it further, we measured the IPSs in the ML with 'microscopically' different tips. For all tips, we observe a hump and a strong peak at almost the same energy, while the higher energy (>5 V) peak positions vary for different tips ( figure 5(a) ). This suggests that the first two peaks can be attributed to the two series of IPSs. We further carried out a spatial mapping of IPSs on ML where the measurement was done across a line as shown in the topographic image of the ML terrace (the top panel [15] ) and hence show that the states are homogeneously extended over the full surface. We also obtain good agreement between the energetic positions of these states in the ML as obtained from calculations using E ext = 0.1 VÅ −1 and z s = −5 au. However, we obtain a huge difference in intensity in the two peaks ( figure 1(b) ). The dominance of the 1 − peak in the dI /dV signal can be understood if we look at the calculated partial densities of both the 1 + and 1 − states in the ML ( figure 3(c) ). The 1 − state extends substantially deeper into the vacuum than the 1 + state. This will lead to a larger overlap with the tip wave function and enhance the tunnelling probability into this state, resulting in the very large peak in the dI /dV signal observed at this bias voltage.
For the spectra measured on the BL, we observe two distinct differences from the ML. The first is that the hump at ∼3.3 V has become very weak (much poorer fits to the peak structure with the sum of two Gaussian functions, figure 4(b) ). From figure 3(c) , we see that the partial density of the 1 + state extends even less into the vacuum region in BL compared with the ML. Hence, the overlap with the tip wave function will be further reduced, resulting in even lower intensity compared with the 1 + state in ML. The second difference between ML and BL is that the 1 − peak is at a higher energy in BL compared with the ML. For similar external electric fields, we expect that the electric field will penetrate more in the ML compared with the BL since the substrate lies closer to the ML. This would imply that the states in the ML should be more Stark shifted than states in the BL, contrary to our observation. This leads us to the suggestion that the external electric field in BL is greater than 0.1 V Å −1 (the value in the ML). This can indeed be seen from the measured height between the ML and BL at the same current and bias voltage, where the tip appears closer to the surface in the BL, signifying a higher electric field compared with the ML (figure 6). From figure 3(b) , it also emerges that for a BL, some charge density gets trapped in between the carbon layers. Interestingly, this trapping of partial density in between the carbon layers should eventually evolve into an interlayer band with an increasing number of carbon layers as observed in graphite, which has its band minimum at 3.5 eV [19, 22] . To see if there is a contribution to the n = 1 IPS in graphite from the interlayer band, we fit the peak between 3 and 5 V with a sum of a Gaussian and a broad edge step function
,
where A and B are fitting parameters and V max is the voltage where the peak has its maximum. We obtain a reasonable fit (figure 4(c)), indicating that the n = 1 IPS has contributions from a second state located at the same energy (3-5 V), which we attribute to the interlayer band. In summary, our measurements of IPSs by STM in epitaxial graphene provide a new way to determine the electronic coupling between graphene and an underlying substrate and also between the graphene layers. The observation of the lowest members of two series of IPSs demonstrates that epitaxial graphene is similar in character to pristine graphene despite the disturbance caused by the substrate and the strong electric field due to the STM tip. Additionally, we also observe that the lowest symmetric IPS (1 + ) in graphene evolves into the interlayer band of graphite with increasing number of carbon layers, while the upper anti-symmetric IPS (1 − ) evolves into the n = 1 image state of graphite.
